The high temperature oxidation behavior of a refractory high-entropy alloy at 900°C, 1000°C and 1100°C was investigated. The oxidation kinetics of the alloy was found to be linear at all temperatures. Oxide scales formed are largely inhomogeneous showing regions with thick and porous layers as well areas with quite thin oxide scales due to formation of discontinuous chromium-rich oxide scales. However, the oxidation resistance can be moderately improved by the addition of 1 at.% Si. The thermogravimetric data obtained during oxidation of the Si-containing alloy at 1000°C and 1100°C reveal pronounced periods of parabolic oxidation that, however, change towards linear oxidation after prolonged exposure times. Microstructural investigations using scanning electron microscopy (SEM) and transmission electron microscopy (TEM) document that the Si addition gives rise to a nearly continuous alumina-rich layer which seems to be responsible for the good protection against further oxidation. Pronounced zones of internal corrosion attacks consisting of different oxides and nitrides were observed in both alloys. In order to determine the chemical composition of the corrosion products and their mass fraction, quantitative Xray diffraction (XRD) analysis was performed on powdered oxide scales that formed on the alloys after different oxidation times. Rutile was identified as the major phase in the oxide scales rationalizing the relatively high mass gain during oxidation.
Introduction
Equiatomic multicomponent alloys have attracted great attention among material scientists worldwide in the last few years [1, 2] due to their unique properties. Regarding the microstructure, HEAs stand out due to their tendency to possess simple, highly symmetric crystal structures, which often lead to single-phase microstructures [3] , to nanoparticles in the matrix [4] and to sluggish diffusion of elements [5] [6] [7] . High temperature stability was reported by Hsieh et al. and Liu et al. for the alloy systems AlCrFeMnNi and FeCoNiCrMn, respectively [8, 9] . With respect to mechanical properties, the so-called Cantor alloy sticks out in having simultaneously high strength and ductility, both of which increase with decreasing temperature [10, 11] . Refractory HEAs exhibit extremely high strength at elevated temperatures exceeding even the levels provided by advanced Ni-based superalloys [12] .
Characterization of the oxidation resistance of the alloy AlSiTiCrFeCoNiMo 0.5 and AlSiTiCrFeNiMo 0.5 was in part studied by Huang et al. who mainly focused on processing, microstructure, and wear resistance of the alloys [13] . It was concluded that the formation of the chromia-based layer underneath the outermost titanium oxide scale accounts for the good oxidation resistance of these materials. Daoud et al. characterized the oxidation behavior of three alloys based on the alloy system Al-Co-Cr-Cu-Fe-Ni [14] . Thin layers of α-Al 2 O 3 and Cr 2 O 3 were identified after 200h of oxidation at 1000°C, however severe spallation of oxide scales was also observed. High temperature oxidation behavior of multicomponent alloys of the system Al-Co-Cr-Ni-(Fe or Si) was investigated by Butler et al. [15] . They found that the formation of the external alumina is strongly dependent on the Al content in the alloys. The oxidation behavior of other transition metal-based HEAs has been frequently reported in the literature [16] [17] [18] [19] [20] [21] . By contrast, there is a pronounced lack of studies dealing with high temperature oxidation behavior of refractory metal-based HEAS, despite the fact that these materials have been designed for high temperature applications. Senkov et al. investigated oxidation resistance of a refractory HEA NbCrMo 0.5 Ta 0.5 TiZr in flowing air at 1000°C [22] . A scale consisting of complex oxides was found on the alloy surface. Nevertheless, the alloy exhibits a much better combination of mechanical properties and oxidation resistance than commercial Nb alloys as well as NbSiAlTi and NbSiMo materials [22] . The study by Liu et al. revealed that the oxidation rates of refractory HEAs is significantly decreased by Ti and Si additions, while V additions cause on the contrary increased oxidation rates at 1300°C [23] . The properties of HEAs as protective coating have also been investigated. The oxidation resistance of the alloy Ti-6Al-4V could be improved due to the laser clad TiVCrAlSi high entropy alloy coatings [24] .
The equiatomic alloy 20W-20Mo-20Cr-20Ti-20Al is the first material from the recently proposed new alloy family that has been developed for high temperature structural applications [25] . Since W and Mo possess very high melting points, these elements were considered as prime candidates for the new alloy system. To possibly enable the formation of a protective oxide scale, Cr and Al were added to the alloy system, while Ti should reduce the alloy density. Further details regarding the alloy design concept can be found in [25] . Microstructure analysis of the alloy 20W-20Mo-20Cr-20Ti-20Al in the as-cast condition as well after annealing at high temperatures revealed that the alloy shows a clear tendency to homogenize yielding a simple single-phase body centered cubic (BCC) microstructure [26] . The microstructure and mechanical properties of the second alloy of this family, 20Nb-20Mo-20Cr-20Ti-20Al, were presented and discussed by Chen et al. [27] whereby tungsten has been replaced by niobium to further reduce density and to ease the fabrication by arc melting due to the lower melting point of Nb. The purpose of the present paper is twofold: (a) to assess the high temperature oxidation behavior of the equiatomic HEA 20Nb-20Mo-20Cr-20Ti-20Al and (b) to study the effect of 1 at.% of the Si addition aiming at enhancing the oxidation resistance following the recommendation by [23] .
Experimental
The alloys were produced from elemental bulk materials by arc-melting in ~0.6 atm of argon (arcmelter AM 0.5 by Edmund Bühler GmbH). The purities of the starting materials Mo, Nb, Al, Cr, Ti, and Si were 99.9%, 99.9%, 99.9%, 99%, 99.8% and 99.9999%, respectively. Nitrogen impurities were found to be below the detection limit, oxygen content was measured being between 50 and 100 wt. ppm. The prepared buttons were flipped over and remelted more than five times in a water-chilled copper mold to facilitate alloy homogenization. The alloys were heat-treated under Ar flow for 20h at 1200°C. For the oxidation tests, samples of dimension of approximately 10 mm x 10 mm x 2 mm were polished up to 1000 grit. The samples were ultrasonically cleaned in ethanol directly before testing in a Rubotherm thermogravimetric system. The oxide scale morphology was analyzed by means of a FIB-SEM DualBeam system of type FEI Helios Nanolab 600 equipped by the energy dispersive X-ray (EDX) detector. Before cross-section analysis, oxidized samples were Ni-plated to protect the oxide scales. A TEM-lamella was prepared applying ion milling in the FIB-SEM system. TEM analysis was performed in the TEM of type FEI Talos F200X. To analyze the composition of oxides formed on the alloys, XRD measurements were carried out using the X'Pert Pro MPD diffractometer (Cu-Kα and powdered into particle sizes smaller than 40 µm. Since the oxide scales were relatively thin, particularly after short oxidation experiments, background-free sample holders made of silicon single crystals (Panalytical PW 1817/32) were used. The measurements were carried out using 2θ angles between 10 and 78°, the step size was adjusted to 0,017°, the scan time for a step was 30s. In order to quantify the amount of phases formed during oxidation, Rietveld analysis was performed using the ciffiles (anatase (ICSD9852) [28] , corundum (ICSD 160604 [29] ), and rutile (ICSD 9161) [30] ). The values of the standard free energy of formation of oxides and nitrides were calculated using the software FactSage V6.4 in conjunction with the SGPS database.
Results

Oxidation kinetics
Figure 1(a) shows thermogravimetric curves observed during exposure of the alloy Nb-Mo-Cr-Ti-Al to laboratory air at 900°C, 1000°C and 1100°C. The curves obtained at 900°C and 1000°C obviously obey the linear oxidation kinetics, whereby the oxidation rate at 1000°C is substantially higher compared to that at 900°C indicating formation of non-protective oxide scales. Oxidation kinetics at 1100°C shows a tendency to become decelerated after approximately 25h of air exposure. The total mass gain after 48h of oxidation at 1100°C is slightly lower compared to that at 1000°C. It can be assumed that the oxide scale formed on the alloy Nb-Mo-Cr-Ti-Al at 1100°C becomes at least partially protective after prolonged oxidation times.
Thermogravimetric curves of the alloy Nb-Mo-Cr-Ti-Al-1Si obtained during oxidation at the same temperatures as for the Si-free alloy are shown in Fig. 1(b) . The alloy oxidizes according to the linear rate law at 900°C, while the thermogravimetric curves for 1000°C and 1100°C apparently show an initially parabolic weight gain which changes to the linear rate law after approximately 30h. The oxidation kinetics at 1100°C is only slightly higher compared to that at 1000°C. The first few hours of transient oxidation are usually characterized by rapid oxidation of all elements present in the alloy. After a period of parabolic oxidation, an effect similar to breakaway oxidation, i.e. the oxidation rate increases markedly approaching the linear mass gain, is observed for the Si-containing alloy at 1000°C and 1100°C. This effect correlates with a change in the scale structure during oxidation towards formation of thick, porous oxide scales accompanied by enhanced ingress of gaseous species down to the metal phase. This will be discussed in more detail below. Given the high fraction of refractory elements contained in the HEAs studied, the weight gains found after nearly 50 hours are relatively low (below 10 mg/cm 2 ). The oxide scale formed on the alloy Nb-Mo-Cr-Ti-Al at 900°C after 48h of oxidation is shown in Fig.  2 (a). The scale is largely homogeneous and is approximately 4 µm thick. The EDX analysis of the oxide scale (not shown here) reveals that the scale consists of a mixture of Ti, Al, Cr, and Nb oxides. Such oxide layers are non-protective in nature and thus can explain the linear oxidation at 900°C (see Fig. 1(a) ). Figure 2 (b) shows the morphology of the oxide scale formed on the alloy Nb-Mo-Cr-Ti-Al after 48h of oxidation at 1000°C. Two different kinds of oxide morphology can be observed: (i) a thick (up to ~ 80µm) and porous oxide mixture and (ii) a relatively thin (up to ~ 15µm) and compact oxide layer. EDX analysis (not shown here) of these two distinctive regions revealed that Ti, Al, Cr and Nb, i.e. their oxides, are nearly homogeneously distributed in the thick oxide layers, while a discontinuous Cr oxide-rich layer was identified within the oxide scale in the case of the thin oxide layer. Interestingly, enrichment of Mo was found at the interface oxide/substrate indicating that evaporation of Mo oxides can be neglected. At 1100°C, the microstructure of the oxide scale changes significantly compared to that formed at the lower temperatures. The oxide scale is mostly homogeneous and is about 25 µm thick (see Fig. 2 (c)). Underneath the coarse crystals of Ti oxide clearly visible in the outermost part of the scale, a semi-continuous Al oxide-rich layer can be identified. The decelerated oxidation kinetics at 1100°C can apparently be attributed to the formation of this Al oxide-rich layer. However, the microstructural analysis of the cross-sections after discontinuous oxidation tests revealed that the Al oxide-rich scale could only be detected after a prolonged oxidation time, i.e after at least 24h. Further, a continuous Cr oxide-rich layer was observed underneath the Al oxide-rich scale that also contributes to slowing down the kinetics (see Fig. 2 (c)). Underneath the Cr oxide-rich scale, Ti and Nb oxides were identified to prevail. It should also be mentioned that some areas with the thick scale similar to that formed at 1000°C were predominantly located on sample corners. In order to analyze these precipitates, the oxide scale was completely ground off from the sample oxidized for 48h at 1000°C, and a XRD measurement was carried out on the metallic substrate containing the internal precipitates. The results are shown in Fig. 3 . The metallic substrate consists of the major solid solution BCC phase, the minor Laves phase (Cr 2 Nb) as well as an unknown phase. These findings are in agreement with previous investigations of the alloy microstructure [27] . In addition to the very stable oxides, i.e. Al 2 O 3 and TiO 2 , three types of nitrides were detected: TiN, Cr 2 N and a Nb 2 N. Considering the rather thick zone of internal precipitates, it can be concluded that the alloy Nb-Mo-Cr-Al-Ti is extremely susceptible to nitrogen ingress. 
--Rutile (c) Figure 3 : XRD patterns of (a) the zone with internal precipitates formed underneath the oxide scale on the alloy Nb-Mo-Cr-Ti-Al after 48h oxidation at 1000°C, (b) powdered oxide scales formed on the alloy Nb-Mo-Cr-Ti-Al after 8h oxidation at 1000°C and (c) powdered oxide scales formed on the alloy Nb-Mo-Cr-Ti-Al after 48h oxidation at 1000°C
To identify the nature of corrosion products formed in the outermost scale and to estimate the amounts of different oxides as a function of the oxidation time, the oxide scales were removed from the samples oxidized for 8h, 24h and 48h in air at 1000°C, crushed into powders and quantitatively analyzed using XRD. Figure 3 (b) and (c) shows the XRD patterns of the powdered oxide scales formed on the alloy Nb-Mo-Cr-Ti-Al at 1000°C after 8h and 48h of exposure, respectively. The results are summarized in Table 1 . Three crystal structures were identified, namely, rutile, corundum, and anatase. For all oxidation times, rutile seems to be the prevailing phase. The high amount of rutile can clearly be related to the formation of TiO 2 that was confirmed by the EDX analysis. However, Nb 2 O 5 exhibits polymorphism and can also crystallize in the rutile (TiO 2 ) structure [31] . Furthermore, Results of the thermogravimetric analysis shown in Fig. 1b clearly demonstrate that Si has a beneficial effect on the oxidation behavior of the alloy Nb-Mo-Cr-Ti-Al. In literature, numerous studies exist suggesting several hypotheses on the positive effect of Si with respect to high temperature oxidation resistance [34, 35] . The two most commonly accepted ones are: (i) depending on the alloy system, Si favors the formation of either a protective external silica scale or of a silica layer on the phase boundary oxide/alloy [36] and (ii) SiO 2 acts as nucleation sites promoting the rapid formation of a continuous protective layer [37, 38] . In order to proof hypothesis (ii), on one side of the samples of the alloy Nb-Mo-Cr-Ti-Al a thin (~ 20 nm) SiO 2 layer was sputter deposited, while the other side remained untreated. The sample was subsequently oxidized in air for 48h at 1000°C. As shown in Fig.  4 , no difference can be identified between the sputtered and non-sputtered sides of the sample. It can, thus, be concluded that SiO 2 sputter deposition does not lead to a noticeable improvement of the oxidation resistance of the alloy Nb-Mo-Cr-Ti-Al. The fast growing oxide mixture clearly governs the entire oxidation process suppressing or even eliminating the possible positive Si effect from the formation of nucleation sites. show the cross-sections of the alloy Nb-Mo-Cr-Ti-Al-1Si after 48h of exposure to air at 900°C, 1000°C, and 1100°C. Similar to the case of the Si-free alloy, the oxide scale formed on the Si-containing alloy at 900°C is approximately 4µm thick and represents a mixture of Ti, Al, Cr, and Nb oxides. The main parts of the oxide scales formed at 1000°C and 1100°C are 7µm and 20µm thick, respectively. Thicker and more porous oxide scales, if present, were occasionally observed on the sample corners (see Fig. 5(d) ). Obviously, the dramatic increase in the oxidation rate after approximately 30h of oxidation, Fig. 1(b) , can be attributed to the formation of these thick layers on the sample corners. In order to get a deeper insight into the morphology of the oxide scales formed at higher temperatures, a TEM lamella was prepared using ion milling in the SEM-FIB device from a sample oxidized at 1000°C for 48h. The morphology of the oxide layer and corresponding results of EDX analyses carried out in TEM are shown in Fig. 6 . These results clearly reveal that nearly continuous Al oxideand Cr oxide-rich scales are formed underneath coarse Ti oxide grains. The moderate mass gain during oxidation of the alloy Nb-Mo-Cr-Ti-Al-1Si at 1000°C and 1100°C for up to 30 h can be explained by 10 µm 5 µm 40 µm 100 µm the formation of these oxide layers. Still as for the base alloy described in the previous section, a significant amount of Nb and Ti oxides was also observed in the oxide scale. The distribution of Nb in the oxide scale indicates that the Al oxide-rich scale is the only efficient barrier against Nb diffusion since Niobium was detected exclusively underneath the Al-rich oxide layer. Another important positive finding is that Mo was only detected in the metallic substrate suggesting that the evaporation of Mo oxides can be largely excluded. Results of the EDX analysis of the zone marked in Fig. 6 as a black frame revealed that the small bright particles at the interface oxide/substrate consists of nearly pure Mo (see the magnified view of Fig. 6a in Fig. 7 together with the element specific mapping of molybdenum and oxygen). In addition, a pronounced zone of internal precipitates can clearly be seen in Figs. 5 and 6. These internally precipitated corrosion products are supposed to be the same as the ones identified in the previous section for alloy Nb-Mo-Cr-Ti-Al.
Mo Cr Al 1 µm Figure 6 : TEM-bright field micrograph of a cross-section through the oxide scale of the alloy Nb-MoCr-Ti-Al-1Si after 48h oxidation at 1000°C and the corresponding element-specific EDX mappings. The black box indicated in the bright field micrograph is presented as an enlarged view in Fig. 7 . O Ti Nb Figure 7 : EDX analysis of the zone marked in Fig. 6 The results of the quantitative XRD analysis (prepared in the same way as described above for the Sifree alloy) of corrosion products after oxidation of the alloy Nb-Mo-Cr-Ti-Al-1Si at 1000°C are summarized in Table 2 . Figure 8 shows exemplarily the XRD patterns of the powdered oxide scale formed during 24h of oxidation at 1000°C. It was found that only two crystal structures are present after both 24h and 48h air exposure, namely rutile and corundum. No anatase could be detected, though. Different to the Si-free alloy, the amount of the oxide powder available after 8h of oxidation was too small to carry out XRD measurements. The rutile phase is again the major phase of the corrosion products formed on the alloy Nb-Mo-Cr-Ti-Al-1Si. The phase fraction of rutile increases slightly with oxidation time, while the percentage of corundum decreases correspondingly. The observed increase of the oxidation rate after 30h of oxidation (see Fig. 1(b) ) is an indication that the alumina and/or chromia scale loses its protectiveness, especially at the sample corners, causing the enhanced formation of fast growing and non-protective rutile. 
Discussion
The experimental results presented in the previous section reveal a moderately beneficial effect of the Si addition on the oxidation behavior of the equiatomic alloy Nb-Mo-Cr-Ti-Al. Comparing the thermogravimetric curves of the Si-free and Si-containing alloy, it can be concluded that the better oxidation resistance at 1000°C and 1100°C of the alloy Nb-Mo-Cr-Ti-Al-1Si manifests itself (i) in a lower values of the total mass gain after 48h of air exposure compared to the Si-free alloy and (ii) in an interim period of parabolic oxidation. However, at 900°C, the thermogravimetric results of both alloys are rather similar. The microstructural analyses of the oxide scales formed on both alloys at 900°C reveal this resemblance in the oxide thickness and the constitution of the oxide layers. These oxide scales represent a non-protective mixture of various oxides explaining the linear mass gain at 900°C. At higher temperature, however, the constitution of the oxides scales formed on both alloys substantially differs. While the oxide scale of the Si-free alloy includes only a partly continuous Cr oxide-rich scale at 1000°C and an additional semi-continuous Al oxide-rich scale that forms after a prolonged oxidation time at 1100°C, the alloy Nb-Mo-Cr-Ti-Al-1Si forms both, Cr oxide-and Al oxide-rich layers, at 1000°C as well as at 1100°C that are also noticeably more dense and compact compared to those formed on the Si-free alloy. Thus, it can be concluded that the formation of an Al oxide-rich scale in the alloy system Nb-Mo-Cr-Ti-Al is promoted by higher temperatures, prolonged oxidation time as well as Si additions. It should, however, be pointed out that the sample surfaces of both alloys after oxidation at 1000°C and 1100°C are covered by a non-uniform oxide scale showing regions of a thick, non-protective and quickly growing scale as well as regions with a relatively thin, to some extent protective oxide scale due to the formation of the Cr oxide-rich and Al oxide-rich layers mentioned above. The thick and non-protective scale seems to form at random on the alloy NbMo-Cr-Ti-Al, while on the alloy Nb-Mo-Cr-Ti-Al-1Si it appears predominantly on the sample corners. It is well-known that oxide scales are less adherent on convex surfaces, e.g. corners of specimens, than on flat or concave surfaces because of the high tensile stresses developing in the growing scale [39] . As a consequence of these stresses, porosity and microchannels form in the scale resulting in the loss of protectiveness primarily on the specimen corners [39] . For the alloy Nb-Mo-Cr-Ti-Al-1Si it can, hence, be concluded that an effect similar to the breakaway oxidation, i.e. the local formation of thick and fast growing scales after a certain period of oxidation, takes place explaining the increase of the oxidation rate after 30h of oxidation at 1000°C and 1100°C. The general reason why the Si-containing alloy shows a better oxidation behavior compared to that of the Si-free alloy is still unclear as the coverage of the alloy surfaces by a thin sputtered SiO 2 layer that should promote the formation of protective oxide scales did not show an appreciable effect on the oxide scale formation at least after longer oxidation times. A possible explanation of the positive effect of Si addition would be that Si favorably increases the activities of Cr and/or Al in the alloy, hence, leading to a higher driving force for the formation of the protective oxides Cr 2 O 3 and Al 2 O 3 . The thermodynamic effect of Si in the alloy system studied will, thus, be explored in a future investigation in detail.
The mass fractions of oxides observed using XRD and their evolution during oxidation can be discussed only qualitatively, i.e. in terms of the major phase, minor phases and traces, and, therefore, cannot be unambiguously correlated with other experimental results, such as the thermogravimetric data. The reason for this restriction is that the phase fractions were determined assuming that rutile is represented by TiO 2 and corundum by Al 2 O 3 . The EDX results, however, show that other oxides are also extensively present in the oxide scales and possess the same crystal structures, which for instance holds true for Cr 2 O 3 and Al 2 O 3 . A comparison of the oxide mass fraction differences between the alloy Nb-Mo-Cr-Ti-Al and the alloy Nb-Mo-Cr-Ti-Al-1Si is hardly possible because these two alloys seem to essentially form the same oxides and the differences of the oxide mass fractions are rather small and therefore not meaningful. Nevertheless, some important conclusions can be drawn from the quantitative XRD analysis. Figure 9 shows the lattice parameters rutile identified using Rietveld analysis on powdered oxide scales formed on alloys Nb-Mo-Cr-Ti-Al (designated as "Nb" in Fig. 9 ) and Nb-Mo-Cr-Ti-Al-1Si (designated as "Nb1Si" in Fig. 9 ) after different oxidation times at 1000°C. It is obvious that the lattice parameters determined from samples of both alloys oxidized for 24h and 48h are almost identical. A slight deviation was only observed for the Si-free alloy oxidized for 8 h at 1000°C. This difference might be explained by the supposition that the initially formed rutile compound has not yet reached equilibrium. Further, Fig. 9 reviews literature data on lattice parameters of pure TiO 2 (designated as "TiO2") [40] [41] [42] [43] [44] [45] [46] [47] , TiO 2 with Nb substituting Ti sites (designated as "Ti1-xNbxO2") [48, 49] as well as TiO 2 with Nb and Al substituting Ti (designated as "Ti0.6Al0.2Nb0.2") [50] . Comparing the lattice parameter determined for rutile in this study with the literature data, it can be concluded that a certain amount of Nb may be dissolved in the rutile formed during oxidation of both alloys causing a significant cell distortion towards higher lattice parameters compared to pure TiO 2 . Considering that both Nb and Al can occupy Ti sites in rutile, it cannot be excluded that Al may also be dissolved in the rutile formed on the HEAs studied. References are given in text.
As relatively thick oxide scales were observed on the surface of both alloys, the dominant contribution to the mass gain of the alloys studied can obviously be attributed to the oxygen uptake through the formation of external oxide scales. It is well-known that the growth rate of pure chromia and α-alumina forming a dense layer is very slow and consequently low values of the parabolic oxidation constants are reported in the literature, e.g. [54] , respectively. As oxides of these two elements may possess the same rutile structure (see above) that was identified as the predominant phase, the oxidation of Ti and Nb seem to primarily account for the formation of the thick oxide scales. However, the relatively high mass gain during oxidation in air can also be attributed to a nitrogen uptake forming the nitrides TiN, Cr 2 N and Nb 2 N, which were experimentally identified in the thick zone of internal corrosion in the alloy Nb-Mo-Cr-Ti-Al exposed to air for 48h at 1000°C. Similar findings hold true for the alloy Nb-Mo-Cr-Ti-Al-1Si. Thick and porous oxide mixtures can form on the alloy surface if the oxides constituting the scale possess similar thermodynamic stabilities, such as Al 2 O 3 and TiO 2 [46] . In order to assess the thermodynamic stability of the most relevant oxides in this alloy system, the standard free energies of formation of the possible oxides at 1000°C were calculated using the commercial software FactSage. The calculations were carried out assuming the element activities being equal unity. The calculated values of the standard free energy can however be considered since all elements in the alloys possess the same concentrations. The numbers are summarized in Table 3 . In addition to the well-known similar thermodynamic affinity of oxygen to Al and Ti [55] The values of standard free energies of formation of relevant nitrides at 1000°C are summarized in Table 4 . As described above, three types of nitrides, i. e. TiN, Nb 2 N and Cr 2 N, were identified experimentally in the outer zone of internal corrosion of the alloy Nb-Mo-Cr-Ti-Al after air exposure for 48h at 1000°C. As shown in Table 4 , Nb and Cr can form two corresponding types of nitrides, in each case the most stable one (Nb 2 N, Cr 2 N) was detected using XRD. It is also not surprising that TiN as the most stable nitride in this alloy system was identified in the inner zone of internal corrosion. In terms of the high temperature oxidation resistance, the results presented here show the high potential of the new refractory HEAs. It is obvious that the oxidation behavior of these alloys can be moderately improved by micro-alloying, e.g. by Si, as was shown in this study. An increase of the Si concentration in the alloy Nb-Mo-Cr-Ti-Al up to 2-3 at.% may lead to a further improvement of oxidation resistance. However, the strongest effect on the oxidation behavior can certainly be achieved by macro-alloying, i.e. by substituting of some elements, for example Nb, in the alloy's chemical composition. The development of the new refractory HEAs primarily aims at the definition of a core alloy system providing the best combination of mechanical properties, ductility, and oxidation resistance. Hence, in our further studies, the effect of macro-alloying will be investigated and discussed by comparing the oxidation behavior of the alloy systems Nb-Mo-Cr-Ti-Al, W-Mo-Cr-TiAl, and Ta-Mo-Cr-Ti-Al.
Summary
In this study, high temperature oxidation behavior of the equiatomic refractory high-entropy alloy NbMo-Cr-Ti-Al was investigated. The effect of 1 at.% of Si addition was also studied. The results can be summarized as follows.
1. Although the alloy 20Nb-20Mo-20Cr-20Ti-20Al contains a high amount of refractory elements, moderate mass gain was measured during oxidation in air. The oxidation kinetics follows the linear rate law at 900°C and 1000°C, while the decelerating oxidation rate was observed after approximately 30h at 1100°C. The metal surface was largely covered by thick, porous and non-protective oxide scales consisting of a mixture of various oxides. Localized, a relatively thin and more protective scale was observed containing an intermediate, semicontinuous Cr oxide-rich layer. At higher temperatures, an additional Al oxide-rich scale was identified after a prolonged oxidation time. A pronounced zone of internal corrosion was observed at all temperatures. The quantitative XRD analysis showed that rutile is the predominant phase in the oxide scale formed at 1000°C. 2. The addition of 1 at.% Si to the alloy 20Nb-20Mo-20Cr-20Ti-20Al improves the oxidation behavior moderately. The mass gain of the Si-containing alloy is by trend significantly lower compared to the Si-free alloy. The oxidation kinetics obeys the parabolic rate law up to approximately 30h and changes subsequently towards a linear oxidation rate. The Sicontaining alloy largely forms the quite thin and compact oxide scale at 1000°C and 1100°C that contains nearly continuous and compact Cr-and Al-rich oxide layers. Thick and rather porous scales were predominantly observed on the sample corners. The moderate mass gain during oxidation and formation of the relatively thin oxide scale is mainly attributed to the formation of an Al-rich oxide layer. However, zones of internal corrosion were observed in all oxidized samples. 3. Though the HEAs represent a new material class, they show a high potential in terms of possible high temperature applications. The results of this investigation indicate that the oxidation behavior of these materials can be substantially improved by macro-and microalloying.
